Proteolytic activity in a batch culture of Bacteroides ruminicola R8/4 was maximal and largely (> 90 %) cell-associated during the mid-exponential phase of growth. The cell-bound protease was not inactivated during storage at -70 "C, was not significantly affected by pH over the range 5.9 to 8.2, but was subject to substrate inhibition by Fraction 1 protein (ribulose-1,5-bisphosphate carboxylase; EC 4.1.1 .39) and was most active in the presence of thiol reagents. Radioactive Fraction 1 protein was hydrolysed by non-growing and growing cells of 23. ruminicola R8/4 with the production of peptides and free amino acids. Deaminase activity was absent. Radioactive amino acids were incorporated into bacterial proteins from [ 14C]Fraction 1 protein without substantial change in specific radioactivity.
mg-') and incubated under N, in a water bath at 39 OC. After 1 h, activity was stopped by rapid cooling of the assay mixture to 0 "C, the mixture was centrifuged, and radioactivity in the supernatant was determined before and after deproteinization with an equal volume of 20 % (w/v) trichloroacetic acid (TCA). All assays were carried out in duplicate. One unit of protease activity was defined as the quantity of enzyme catalysing the formation of 1 l g of acid-soluble products (calculated from the known specific radioactivity of the protein) in 1 h under the above conditions.
Alkaline phosphatase activity was assayed in 0.1 M-Tris/HCl buffer, pH 8.4, as described by Cheng et al. (1970) using p-nitrophenylphosphate as substrate.
Preparation of cellfree extracts. Cell pellets were resuspended under N, in 5 ml cold reduced 0.075 M-phosphate/salts buffer, pH 6.2, and treated twice in a French pressure cell (American Instrument Co., Silver Spring, Md, U.S.A.) at 138 MPa. Anaerobic conditions were maintained in the suspensions and the extracts during this procedure. A portion of the resulting crude extract was subsequently centrifuged (7 1400 g, 4 "C, 1 h). The supernatant (soluble fraction) was removed and the pellet (cell envelope fraction and any unbroken cells) was washed once, and then resuspended, in phosphate/salts buffer.
Measurement of growth. Culture turbidity ( A 650) was measured with an EEL colorimeter. Standard curves were constructed relating the turbidity of cultures harvested at different stages of growth to dry weight biomass, which was determined by drying aqueous suspensions of washed organisms to constant weight at 105 OC. The same curves were used to standardize the concentration of washed cell suspensions.
Analyses. Total nitrogen, non-protein nitrogen and amino acids were determined as described by Mangan & West (1977) . Radioactivity in amino acids was determined by passing the eluate from the analyser column, before addition of ninhydrin, through a scintillation spiral packed with equal volumes of 60 mesh anthracene and glass ballotini beads; the signal generated by a photomultiplier tube abutting the spiral was amplified, fed to a Panax 5054 rate meter and then to a recorder (Mangan & Bounden, 1965) . The system was standardized using ['4Clarginine, ['4Clleucine and ['4Clglutamic acid of known specific radioactivity. In the system of amino acid analysis employed, methionine elutes as a buffer change occurs and may be contaminated with impurities emerging with the buffer front. Values obtained for the specific radioactivity of this amino acid may therefore be unreliable. In addition, glutamic acid and proline co-chromatograph, but as proline gives a low colour yield with ninhydrin, apparent specific radioactivities of these amino acids are erroneously high. When necessary, prior to amino acid analysis, residual protein was removed from culture supernatants by ultrafiltration (Centriflo CF25 membrane cones; Amicon Corp., Lexington, Mass., U.S.A.). Peptides were hydrolysed in 6 M-HCl under N, at 110 OC for 24 h.
Sodium dodecyl sulphate polyacrylamide gel electrophoresis was carried out as described by Laemmli (1970) . Radioactivity was counted in a liquid scintillation spectrometer (Unilux 11, Nuclear Chicago). 
R E S U L T S
Further identijication of Bacteroides R8/4 The anaerobic proteolytic isolate, designated R8/4, was previously reported to belong to the genus Bacteroides (Hazlewood & Nugent, 1978) . To assist in assigning the isolate to a species, alkaline phosphatase activity of 16 h cultures was assayed. Bacteroides ruminicola subsp. ruminicola strain 23, B. ruminicola subsp. brevis strain GA33 and Bacteroides R8/4 all produced strong positive reactions, while B. succinogenes S85 and B. amylophilus H18 were both phosphatase-negative.
Standard assay conditions
Previous work (Hazlewood & Nugent, 1978) had shown the protease activity of Bacteroides R8/4 to be largely cell-associated. Enzyme activity was measured in intact cells grown in the presence of Fraction 1 protein and harvested from batch cultures in the late-exponential phase; R8/4 cells suspended in buffer hydrolysed protein but did not incorporate amino acids into cellular components, so an accurate estimate of proteolysis was obtained by analysis of the cell-free supernatant fluid.
In the presence of a saturating amount of substrate (0.25 mgml-l), the extent of proteolysis of Fraction 1 protein during 30 min incubations by late-exponential phase R8/4 cells depended on cell concentration, but not in a linear fashion.
Proteolysis of Fraction 1 protein at a fixed concentration of R8/4 cells depended linearly on initial substrate concentration for both late-exponential phase cells and also mid-exponential phase cells; the latter were subsequently shown to have the highest associated protease activities. However, for both types of bacteria, increasing the initial substrate concentration above a certain level led to marked inhibition of proteolysis. A double reciprocal plot of the relevant data for mid-exponential phase cells is shown in Fig. 1 . For R8/4 cells at a concentration of 0.52 mg dry wt ml-l, the measured maximum rate of proteolysis (2.9 pg ml-' min-') occurred at a substrate concentration of 0.1 mg ml-'; this substrate concentation was used for subsequent experiments.
In the reduced phosphate/salts buffer described in Methods, the rate of proteolysis of Fraction 1 protein by R8/4 cells was not dramatically affected by pH, with the mean value for proteolysis rate varying by only &17% over the pH range 5.9 to 8.2. For subsequent experiments 0.075 M-phosphate/salts buffer having a pH of 6.2 was used. * Anaerobic buffers were boiled for 10 min to remove dissolved 0, and were cooled with 0,-free N, bubbling through. The redox indicator (resazurin) was in the reduced (colourless) state in anaerobic buffers, but in the oxidized (red) state in the aerobic buffers.
t These conditions were subsequently adopted as standard assay conditions.
Effect of aeration and thiol reagents on protease activity
The sensitivity of Bacteroides R8/4 protease to aerobic conditions and the presence or absence of thiol reagents was examined by incubating Fraction 1 protein with midexponential phase R8/4 cells suspended in 0.075 M-phosphate/salts buffers, pH 6.2, prepared aerobically or anaerobically ( Table 1) . Maximum activity occurred in buffer prepared anaerobically and to which a thiol reagent (cysteine or dithiothreitol) had been subsequently added. Protease activity was substantially inhibited by exposure to aerobic conditions, but the addition of dithiothreitol increased the activity to 92 % of that recorded under standard assay conditions, though the redox indicator (resazurin) present in the assay buffer showed that the buffer was in an oxidized state throughout the incubation period. In the absence of thiol reagents, boiling the buffer to remove 0, and then replacing it with 0,-free N, produced a reduced buffer (as judged by the colour reaction of the redox indicator), but protease activity nevertheless only reached 66% of that recorded in the same buffer prepared anaerobically and containing dithiothreitol.
Stability of protease activity
The protease activity towards Fraction 1 protein of mid-exponential phase Bacteroides R8/4 cells in 0.075 M-phosphate/salts buffer, pH 6.2, containing dithiothreitol (0.02 %, w/v) and under an atmosphere of 0,-free N, was not significantly affected by freezing the cells at -70 O C and thawing. Storage of the same cells at -70 " C for 14 and 45 d increased protease activity by 7.5% and 20.3%, respectively, and activity persisted at the latter level during 3 months storage.
Protease production in culture
When a culture of Bacteroides R8/4 was grown with Fraction 1 protein as the nitrogenous substrate, maximum growth occurred after 30 to 32 h incubation and the growth rate in the exponential phase was 0.23 h-l. The specific activity of protease associated with the cells was maximal after 20 h when the culture was in the mid-exponential phase (Table 2 ) but declined to 23 % of the maximum value by the end of the exponential phase. Activity remained almost entirely cell-bound during the exponential phase after which progressive cell lysis, which was confirmed microscopically, was accompanied by release of an increasing proportion of activity into the culture medium. The total protease activity of the culture fell sharply during the death phase. In subsequent experiments, cells harvested during the mid-exponential phase of batch culture grown on Fraction 1 protein were used as the source of protease.
Qualitatively similar effects were observed when strain R8/4 was grown with BSA as nitrogen source (Table 2) . However, the maximum total protease activity of the culture and the maximum specific activity of the cell-associated protease, measured with Fraction 1 protein as substrate, were only 37 % and 13 %, respectively, of the values attained in the Fraction 1-grown culture. The activity against Fraction 1 of BSA-grown organisms was not increased if washed cells were pre-incubated anaerobically at 39 OC for up to 4 h before protease activity was assayed with [ 14C]Fraction 1 protein, eliminating the possibility that residual BSA remained bound to the cells during washing and impeded access of Fraction 1 protein to the sites of protease activity.
Products of Fraction 1 hydrolysis by non-growing cells
When a suspension of washed cells of Bacteroides R8/4 was incubated with ['4C]Fraction 1 protein, the protein content of the cell-free supernatant fluid fell from 0.10 to 0.01 mg ml-' in 1 h and was undetectable after 3 h. Less than 3 % of the radioactivity remained associated with the cells after washing three times, indicating that negligible incorporation of proteincarbon had occurred; the hydrolysis products therefore remained in the supernatant. Amino acid analysis before and after acid hydrolysis of ultrafiltrates prepared from the supernatant showed that both free amino acids and peptides were formed and that as incubation continued the peptides initially formed were further hydrolysed. The results shown in Fig. 2 are those obtained for arginine, glycine, phenylalanine and valine but similar results were obtained for other component amino acids of Fraction 1 protein. The specific activity of individual amino acids (both free and combined in peptides) was very similar to that of the amino acids contained in the original Fraction 1 protein ( Table 3) , showing that there was no significant exchange of amino acid carbon with unlabelled carbon derived from pools within the bacterial cells. The small dilution of mean specific radioactivity occurring after 3 h and 6 h, respectively, when compared with the original Fraction 1 protein may be accounted for in terms of unlabelled amino acids released from the incubating cells, which had been cultured with unlabelled Fraction 1 protein. Fig. 2 . Distribution of amino acids during the hydrolysis of Fraction 1 protein by non-growing Bacteroides R8/4. Exponential phase cells (1 ~5 mg dry wt ml-I) cultured in the presence of Fraction 1 protein (1 g 1-l) were incubated at 39 "C with [l4C1Fraction 1 protein (0.1 mg rnl-l, 0.75 pCi mg-') in 0.075 M-phosphate/salts buffer, pH 6.2, containing dithiothreitol (0-02 %, w/v). At each sampling time, supernatant radioactivity was measured before and after acid deproteinization. The distribution of amino acids in the peptide fraction (-) and the free amino acid fraction (----) was determined after a portion of supernatant had been passed through a Centriflo CF25 membrane cone.
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Amino acids: 0, arginine; e, glycine; 0, phenylalanine; ., valine. Culture conditions were as described in Table 4 . Soluble and particulate fractions were prepared from cells sampled after 18 h and 28 h as described in Methods. The soluble fraction was passed through a Centriflo CF25 membrane cone and the protein retained, together with the particulate material, was subjected to amino acid analysis after acid hydrolysis. The results show the mean specific radioactivity (& standard deviation) of the 16 amino acids listed in Table 3 . There was no substantial change in the mean specific radioactivities of the amino acids recovered as proteolysis products from the culture supernatant or incorporated into soluble and particulate cell proteins when compared with those of the amino acids contained in [ 14C]Fraction 1 protein supplied ( Table 5) . Incorporation of radioactivity from Fraction 1 protein into bacterial protein amounted to 38.5% in 28 h (Table 4) , but there was a higher percentage depletion of aspartic acid, serine, threonine, glutamic acid, glycine, methionine, isoleucine and leucine from the culture medium. The molar ratio of each of these amino acids was subsequently found to be higher in bacterial protein than in the original Fraction 1 protein.
Hydrolysis of leaf protein by Bacteroides
Deaminase activity Recovery of radioactivity in intact protein, peptides and free amino acids after the incubation of both growing and non-growing cells of Bacteroides R8/4 with [l4CIFraction 1 protein was consistently about 100 %, indicating the probable absence of decarboxylation and deamination reactions. A further check for deaminase activity was made by monitoring concentrations of ammonia in the culture medium during growth of strain R8/4 with Fraction 230 G . P. H A Z L E W O O D , G . A . J O N E S A N D J . L . M A N G A N   1 protein (1 g 1-l) as sole source of nitrogen. A cell density of 0.84 mg dry wt ml-' was reached (maximum stationary phase) without any detectable increase in ammonia.
D I S C U S S I O N
Of the rumen bacteria investigated to date, only B. ruminicola produces significant activities of alkaline phosphatase (Cheng & Costerton, 1973; Forsberg & Cheng, 1980) . The production of alkaline phosphatase by Bacteroides R8/4 may therefore be considered good evidence that it is a strain of B. ruminicola.
The assimilation of amino acids of dietary plant proteins directly into bacterial protein is the simplest and energetically the most favourable way for rumen bacteria to satisfy their nitrogen requirements, but there is only limited evidence that this occurs either in vivo (Nader & Walker, 1970) or with pure cultures in vitro (Hungate, 1966 ). An alternative means of obtaining nitrogen is to assimilate the ammonia produced, primarily by the catabolism of feed proteins, into bacterial protein (Hungate, 1966; Prins, 1977) . In both cases, the benefits of directly digesting high quality plant proteins are lost to the ruminant, and in assimilating ammonia into bacterial protein, the utilization of energy at the expense of fermented carbohydrate represents a further loss. In spite of this, ammonia is the preferred source of nitrogen for the majority of rumen bacteria (see Prins, 1977 , for references) including those reported to possess proteolytic activity (Abou Akkada & Blackburn, 1963; Blackburn, 1968a) even though transport systems for peptides (Pittman et al., 1967) and free amino acids (Stevenson, 1979) have been shown to exist. By contrast, Bacteroides R8/4 does not utilize ammonia as a nitrogen source (Hazlewood & Nugent, 1978) and appears to have achieved or retained a higher level of specialization in requiring peptide nitrogen for growth. Unlike most other rumen bacteria, it depends on proteolytic enzyme(s) for the production of peptides and amino acids from exogenous proteins, but in turn is energetically efficient in utilizing directly those amino acids from dietary protein which it requires to synthesize cell proteins.
Despite the fundamental differences in nitrogen metabolism, Bacteroides R8/4 and the proteolytic rumen organism Bacteroides amylophilus H 18 (Blackburn, 1968 a, b; Blackburn & Hullah, 1974) exhibit some similarities with respect to their production of protease in batch culture. In both organisms proteolytic activity was largely cell-associated, but freely accessible to soluble protein substrates, and the extracellular activity only reached significant levels after the stationary phase had been reached. However, protease activity of R8/4 cells cultured with Fraction 1 protein as nitrogen source appeared to be less persistent, since, having reached its maximum specific activity during the mid-exponential phase, it declined rapidly, probably in response to the disappearance of Fraction 1 protein from the medium (Hazlewood & Nugent, 1978) .
Proteolysis of Fraction 1 protein by enzyme(s) associated with R8/4 cells was inhibited by excess substrate (Fig. 1) . The less active protease of B. amylophilus, acting on casein, also exhibited substrate inhibition (Blackburn, 1968 b) . In the absence of substrate inhibition, the rate of proteolysis of Fraction 1 protein (0.1 mg ml-') by R8/4 cells (0.52 mg dry wt ml-l) was 2-9 pg ml-' m i d (Fig. 1) . For a hay-fed cow, Nugent (1979) reported a maximum rate of 2. I pg ml-' rnin-' for the proteolysis of Fraction 1 protein by whole rumen contents, so it is likely that Bacteroides R8/4 or organisms of this type could contribute significantly to the proteolytic activity of rumen contents if present in sufficient numbers.
Unlike the protease of B. amylophilus, Bacteroides R8/4 proteolytic activity was sensitive to the absence of thiol reagents, showing maximum activity in an anaerobic buffer containing either cysteine or dithiothreitol (Table 1) . Maintenance of anaerobic conditions in the incubation medium by the removal of 0, and its replacement with N, alone did not promote maximal activity, but the addition of dithiothreitol to aerobic buffer resulted in greater than Hydrolysis of leaf protein by Bacteroides 23 1 90% of the maximum activity, indicating the requirement of the protease to be for a thiol reagent rather than anaerobic conditions. The lowered specific activity of protease (assayed against Fraction 1 protein) associated with cells cultured in the presence of BSA clearly ruled out the possibility of culturing R8/4 with a cheaper commercially available protein as nitrogen source, for studying the proteolysis of Fraction 1 protein, and indicated that the maximum protease activity of cells is a function of the protein used to promote growth. Proteolytic strains of B. amylophilus and B. ruminicola examined by Abou Akkada & Blackburn (1 963) did not assimilate preformed amino acids into bacterial protein, preferring to utilize ammonia as nitrogen source, and had variable exopeptidase and some deaminase activity. By contrast, both non-growing and growing Bacteroides R8/4, which does incorporate preformed amino acids from exogenous protein, produced, in addition to peptides, considerable quantities of free amino acids from Fraction 1 protein, but no detectable amounts of ammonia. In the products of proteolysis of [14C]Fraction 1 protein which were released into the cell-free supernatant by non-growing and growing cells of R8/4, the specific activity of amino acids, both free and in peptide combination, remained substantially as in the original [ 14C]Fraction 1 protein. Similarly, amino acids from [ 14C]Fra~tion 1 protein which. were taken up by growing R8/4 cells had specific activities substantially the same as in the original protein. In the absence of deaminase activity, Bacteroides R8/4 incorporated preformed l4C-labe1led amino acids into cell proteins without introducing carbon derived from carbohydrate; it is therefore not surprising to find that the extent of incorporation of individual amino acids into cell protein appears to be governed by the molar ratio of the particular amino acid in the bacterial protein.
